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This work presents a study on the effect of sliding distance on abrasive wear modes tran-
sition in micro-abrasive wear. Ball-cratering wear tests were conducted with specimens of
P20  cemented carbide (WC-Co) and M2 tool steel, balls of 52100 steel and abrasive slurry pre-
pared with SiC particles and distilled water. Results were analyzed in terms of Ag (area with
grooving abrasion) and Ar (area with rolling abrasion) as a function of sliding distance and
pressure; they have indicated that with the increasing of sliding distance and, a consequent
decreasing of pressure, there is the transition from grooving abrasion to rolling abrasion.Two-body abrasion
Three-body abrasion
Micro-scale abrasion
©  2014 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier
Editora Ltda. All rights reserved.1.  Introduction
In micro-abrasive wear tests (ball-cratering wear tests), a rotat-
ing ball is forced against the tested specimen, in the presence
of an abrasive slurry (Fig. 1) and the wear behavior is analyzed
based on the dimensions of the crater formed during the test.
This test has been applied in the study of the abrasive wear of
metallic [1–4] and non-metallic [5–9] materials and, depending
on the equipment conﬁguration, it is possible to apply normal
forces (N) from N = 0.01 N [10] to N = 5 N [11].
The test is usually conducted in one of two basic conﬁg-
ﬁxed-ball equipment where the normal force is applied by
two compact modules [16], which, in theory provide a system
that is stiffer than those with dead weight loading. Anal-
ysis on the results obtained with this equipment raised a
question [5] on the ability of the abrasive particles to enter
between the ball and the specimen as the depth of pene-
tration (h) of the ball gradually increases (Fig. 1). Another
point related to this increase in depth of penetration is the
evolution of the pressure (P) throughout one of the tests.
Since tests are conducted with constant normal force [1–15]
and the total area of the crater gradually increases, it isurations [12]: (i) free-ball and (ii) ﬁxed-ball. In the literature
[9–11], ﬁxed-ball equipment usually adopts dead weight sys-
tems to apply normal forces, but Cozza [13–15] developed a
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possible to anticipate a variation on the pressure developed
along the test, which may affect the abrasive wear modes
[14].
tion. Published by Elsevier Editora Ltda. All rights reserved.
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Nomenclature
Ag projected area fraction with grooving abrasion
(mm2)
Ar projected area fraction with rolling abrasion
(mm2)
At total crater projected area (mm2)
b diameter of the wear crater (mm)
C abrasive slurry concentration
D diameter of the ball (mm)
Eb Young’s modulus of the ball (GPa)
Es Young’s modulus of the specimen (GPa)
E* reduced Young’s modulus (GPa)
h depth of the wear crater (mm)
H hardness (GPa) (HV)
n ball rotational speed (rpm)
N normal force (N)
P pressure (MPa)
PHertz Hertz contact pressure (MPa)
R radius of the ball (mm)
S sliding distance (m)
v tangential sliding velocity (m/s)
V volume of the wear crater (mm3)
Greek letters
b Poisson’s coefﬁcient of the ball
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Table 1 – Hardness of the materials used in this work.
Material Hardness – H (GPa) (HV)
Specimens Commercial ISO
P20 cemented
carbide (WC-Co)
11.7 (1193)
AISI M2 tool steel 6.4 (652)s Poisson’s coefﬁcient of the specimen
Two abrasive wear modes are usually observed during
icro-abrasive wear: rolling abrasion (Fig. 2a) results when
he abrasive particles roll between the ball and the speci-
en, while grooving abrasion (Fig. 2b [14]) is observed when
he abrasive particles slide on the surface of the wear crater
2,10,17].
In 2003 and 2005, Kochi Adachi and Ian M. Hutchings
ublished two important researches [10,17] analyzing the
nﬂuence of the normal force (N), abrasive slurry concentra-
ion (C) and other test parameters on abrasive wear modes
ransition. However, they did not consider the importance of
he sliding distance (S) on this transition. Then, with the intent
o collaborate with the understanding of the conditions, which
h
Speci men
Abrasive particles
(in green ) 
Ball
Normal force  –  N 
Abrasive slurry
ig. 1 – Micro-abrasive wear test: representative ﬁgure of
he operating principle and the abrasive particles between
he ball and the specimen.Ball AISI 52100 steel 8.4 (856)
Abrasive particles SiC 18.5–19 (1886–1937)
cause that phenomenon, the motivation and purpose of this
work is to present a study of the effect of sliding distance
on abrasive wear modes transition observed in micro-abrasive
wear.
2.  Experimental  procedure
2.1.  Micro-abrasive  wear  equipments
Two equipments were used in the micro-abrasive wear tests:
(i) a ﬁxed-ball conﬁguration equipment (Fig. 3a [13,14]), which
was designed and assembled with differences from commer-
cial ﬁxed-ball equipment [12] and (ii) a free-ball conﬁguration
equipment (Fig. 3b).
In the ﬁrst case (ﬁxed-ball mechanical conﬁguration), balls
with a hole were used and the nut shown in Fig. 3a was
responsible for ﬁxing the ball onto the shaft and transfer-
ring movement  to the ball. This conﬁguration eliminates the
relative movement  between the shaft and the ball and, theo-
retically, imposes mechanical restriction for ball movement  in
the direction parallel to the normal load [5,13].
2.2.  Materials
Two materials specimens were analyzed in the micro-abrasive
wear tests: commercial ISO P20 cemented carbide (WC-Co)
and AISI M2 tool steel. Balls made of AISI 52100 steel were
used as counterbody and presented a diameter of D = 25.4 mm
(D = 1′′). Fig. 4 presents the microstructures and the nominal
chemical compositions of the ISO P20 cemented carbide (WC-
Co) (Fig. 4a), AISI M2 tool steel (Fig. 4b) and AISI 52100 steel
(Fig. 4c).
The abrasive used was black silicon carbide (SiC), from
Alcoa, with average particle size of 5 m and angular shape
[18]. Fig. 5 [18] presents a scanning electron micrograph of
this abrasive (Fig. 5a) and its particle size distribution (Fig. 5b).
The abrasive slurry was prepared as a mixture of 25% of SiC
and 75% of distilled water, by volume. This mixture results in
1.045 g of SiC per cm3 of distilled water.
Table 1 presents the hardness (H) of the materials used
in this work (specimens, balls and abrasive particles). To
determine the hardness of the SiC, liquid-phase sintered SiC
samples were tested with ten Vickers indentations (per spec-
imen) under a load of 50 N and a loading time of 15 s [18].
With the same values of load and time adopted by Izhevskyi
et al. [18] of 50 N and 15 s, respectively, the hardness of the
specimens were measured; the values in Table 1 refer to
an arithmetic average of three macro-hardness Vickers mea-
surements. The hardness of the balls was obtained from the
manufacturer.
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Fig. 2 – Abrasive wear modes: (a) rolling abrasion and (b) grooving abrasion [14].
a
b Ball Shaft
Ball SpecimenShaft
Fig. 3 – Ball-cratering micro-abrasive wear test equipments used in this work: (a) ﬁxed-ball mechanical conﬁguration [13,14]
and (b) free-ball mechanical conﬁguration.
% (in weight) Element 
76 WC 
14 TiC + TaC 
10 Co 
% (in weight) Chemical element 
0.78 – 0.88 C 
0.20 – 0.40 Mn 
0.20 – 0.40 Si 
3.75 – 4.50 Cr 
1.60 – 2.20 V 
5.50 – 6.75 W 
4.50 – 5.50 Mo 
Balance Fe 
10  µma 10  µm b
% (in weight) Chemical element 
1.04 C 
0.35 Mn 
0.25 Si 
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10  µm c
Fig. 4 – Microstructures and chemical compositions of the materials used in this work: (a) commercial ISO P20 tungsten
el.carbide (WC-Co), (b) AISI M2  tool steel and (c) AISI 52100 ste
2.3.  Abrasive  wear  testsTable 2 shows the conditions selected for the experiments
conducted with the ﬁxed-ball equipment conﬁguration. Thenormal force was N = 1.25 N, due to mechanical and electrical
conﬁgurations of the equipment, and the ball rotational speed
was n = 37.6 rpm, which was previously selected by Trezona
et al. [2]. This value of n and the ball diameter (D = 25.4 mm)
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Fig. 5 – SiC abrasive particles [18]: (a) micrograph obtained by a Scanning Electron Microscope (SEM) and (b) particle size
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pistribution.
esult in a tangential sliding velocity at the external diam-
ter of the ball of v = 0.05 m/s. Tests were run for six values
f sliding distance (S): S1 = 8 m,  S2 = 15 m,  S3 = 20 m,  S4 = 25 m,
5 = 35 m and S6 = 40 m,  and four repetitions were conducted
or each value of S.
Table 3 presents the conditions selected for the experi-
ents conducted with the free-ball equipment conﬁguration.
he normal force was N = 0.40 N, due to mechanical and elec-
rical conﬁgurations of the equipment, and the ball rotational
peed was n = 75 rpm. This value of n and the ball diameter
D = 25.4 mm)  result in a tangential sliding velocity at the exter-
al diameter of the ball of v = 0.11 m/s. Tests were run for
ix values of sliding distance (S): S1 = 8 m,  S2 = 15 m,  S3 = 20 m,
4 = 25 m,  S5 = 35 m and S6 = 40 m,  and four repetitions were
onducted for each value of S.
All tests were conducted without interruption and the abra-
ive slurry was continuously agitated and fed between the ball
nd the specimen.
It is important to mention that the mechanical and electri-
al characteristics of the ﬁxed-ball and free-ball equipments
sed in this work prevented the selection of exactly the same
est conditions for the experiments conducted in both equip-
ent conﬁgurations.
.4.  Analysis  of  results  –  method  of  analysis  of  the
brasive  wear  modes  transitionfter the micro-abrasive wear tests, the images of the wear
raters were analyzed with the help of a CAD software in order
o determine, based on the total crater projected area (At), the
rojected area fraction with grooving abrasion (Ag). Then, the
Table 2 – Test conditions selected for the wear experiments wit
Test condition ⇒ 1 2 
Normal force – N (N) 1.25 1.25 
Sliding distance – S (m) 8 15 
Ball rotational speed – n (rpm) 37.6 37.6 
Tangential sliding velocity – v (m/s) 0.05 0.05 
Number of repetitions 4 4 projected area fraction with rolling abrasion (Ar) was calcu-
lated using Eq. (1):
Ar = At − Ag (1)
Later, the evolution of the abrasive wear modes transition
was studied in plots of projected area fraction with groov-
ing abrasion as a function of sliding distance – Ag = f(S), and
projected area fraction with rolling abrasion as a function of
sliding distance – Ar = f(S), for each combination of specimen
material and equipment conﬁguration.
Finally, the pressure (P) was calculated by Eq. (2), with the
purpose to plot the graphic of pressure as a function of total
crater projected area – P = f(At), for each combination of spec-
imen material and equipment conﬁguration.
P = N
At
(2)
Additionally, the Hertz contact pressure (PHertz) was calcu-
lated by Eq. (3), for each combination “ball/specimen/normal
force”. The values of PHertz are mentioned in Table 4.
PHertz = 3
√
6NE∗2
3R2
(3)
In Eq. (3), R is the radius of the ball and E* is the reduced
Young’s modulus, calculated through Eq. (4).1
E∗
= 1  − 
2
b
Eb
+ 1 − 
2
s
Es
(4)
h the ﬁxed-ball equipment conﬁguration.
3 4 5 6
1.25 1.25 1.25 1.25
20 25 35 40
37.6 37.6 37.6 37.6
0.05 0.05 0.05 0.05
4 4 4 4
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Table 3 – Test conditions selected for the wear experiments with the free-ball equipment conﬁguration.
Test condition ⇒ 1 2 3 4 5 6
Normal force – N (N) 0.4 0.4 0.4 0.4 0.4 0.4
Sliding distance – S (m) 8 15 20 25 35 40
Ball rotational speed – n (rpm) 75 75 75 75 75 75
Tangential sliding velocity – v (m/s) 0.1 0.1 0.1 0.1 0.1 0.1
Number of repetitions 4 4 4 4 4 4
Table 4 – Estimated values of the Young’s modulus, Poisson’s coefﬁcient of the ball and specimens, with the respective
reduced Young’s modulus and Hertz contact pressure.
Element N (N) E (GPa)  E* (GPa) PHertz (MPa)
Ball AISI 52100 steel – 207 0.30 – –
Specimen ISO P20 cemented carbide (WC-Co) 1.25 620 0.22 168.61 349.35
AISI M2 tool steel 207 0.30 113.74 268.71
condition with only grooving abrasion.
In fact, Fig. 7 indicates that test evolution was always asso-
ciated with a decrease in the projected area fraction with
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AISI M2 tool steel 
Eb, b, Es and s are the Young’s modulus and the Poisson’s
coefﬁcient of the ball and specimen, respectively, and their
values are mentioned in Table 4.
3.  Results  and  discussion
3.1.  Relationship  between  sliding  distance  and
abrasive  wear  modes  transition
Fig. 6 presents the deﬁnition of the total crater projected area
(At), the projected area fraction with grooving abrasion (Ag)
and the projected area fraction with rolling abrasion (Ar). In
this ﬁgure, the wear crater was generated on the AISI M2 tool
steel material specimen.
Fig. 7 presents the graphics of Ag = f(S) (Fig. 7a) and Ar = f(S)
(Fig. 7b). A general trend was observed in all cases: initial test
conditions always resulted in craters presenting evidences of
both grooving abrasion and rolling abrasion. Fig. 8 presents
two wear craters, for the conditions 0 < Ag < At, where both
rolling abrasion and grooving abrasion were observed (Fig. 8a),
and Ag = 0 (Ar = At), where pure rolling of abrasive particles
100 µm 
At
Ag
Ar
Fig. 6 – Deﬁnition of the total crater projected area (At ), the
projected area fraction with grooving abrasion (Ag) and the
projected area fraction with rolling abrasion (Ar). Wear
crater generated on the AISI M2  tool steel material
specimen.620 0.22 168.61 238.95
207 0.30 113.74 183.79
was observed (Fig. 8b), respectively; Ag = At (Ar = 0) refers to a8 15 20 25 35 40
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Fig. 7 – Behavior of the areas (a) Ag (projected area fraction
with grooving abrasion) and (b) Ar (projected area fraction
with rolling abrasion) as a function of S (sliding distance).
Maximum error of Ag: 0.20 mm2; maximum error of Ar:
0.14 mm2.
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Fig. 8 – Wear craters with the occurrence of (a) rolling abrasion + grooving abrasion – 0 < Ag < At and (b) pure rolling abrasion –
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rooving abrasion up to a point that pure rolling abrasion was
bserved. In general, results in Fig. 7 may be explained by
onsidering that in the beginning of the test, the pressure is
elatively high, and in this condition, it is more  difﬁcult for the
brasive particles to roll than in conditions with lower pres-
ure. Thus, the projected area fraction with grooving abrasion
s higher in the beginning of the test than in the end.
Besides, Fig. 7 also indicates that, in the case of the com-
ercial ISO P20 cemented carbide (WC-Co) specimen, the
ransition from grooving abrasion to rolling abrasion occurred
pproximately at the same sliding distance, for both equip-
ent conﬁguration (ﬁxed-ball and free-ball). However, AISI
2 tool steel specimen, the abrasive wear mode transition
ccurred earlier for the experiments conducted with the free-
all equipment conﬁguration. These results are in agreement
ith the ideas that associate lower pressures with higher ten-
encies for the occurrence of pure rolling abrasion, as are
oing to be discussed in the next topic.
.2.  Relationship  between  pressure  and  abrasive  wear
odes transition
n micro-abrasive wear tests, it is usual to observe a linear rela-
ionship between the wear volume (V) and the sliding distance
2,14,19]. Since ball penetration depth (h) gradually increases
uring the test, the total crater projected area also increases.
owever, deﬁning b as the diameter of the wear crater, as the
est proceeds, the crater volume (V) increases in a rate pro-
ortional to b4 (Eq. (5)) [20] and the total crater projected area
At) increases at a rate proportional to b2 (Eq. (6)). Therefore, if
he rate of increase in volume (dV/dt)  is constant, the rate in
ncrease in area (dA/dt)  will not be.
 = 
64R
b4 for b  R (5)
t = 4 b
2 (6)
Then, it is possible to anticipate that crater area will affect
ther characteristics of micro-abrasive wear tests. Literature
orks indicate that high applied normal forces and low con-
entrations of abrasive slurry favor the occurrence of grooving
brasion, while low normal forces and high concentrations ofabrasive slurry favor rolling abrasion [2,10,17]. In this work,
the mixed abrasive wear mode (rolling abrasion + grooving
abrasion) was observed at the lowest values of S, independent
of specimen material and equipment conﬁguration. How-
ever, in three of the four situations, a single abrasive wear
mode, rolling abrasion, was observed above given values of
sliding distance (Fig. 7 – tests conducted with: “commer-
cial ISO P20 cemented carbide (WC-Co) + ﬁxed-ball equipment
conﬁguration”, “commercial ISO P20 cemented carbide
(WC-Co) + free-ball equipment conﬁguration” and “AISI M2
tool steel + free-ball equipment conﬁguration”). Since the nor-
mal force was kept constant and the total projected area of the
crater gradually increased throughout these tests, it is possible
to expect a tendency for the pressure in the “ball – abra-
sive particles – specimen” contact to decrease along the tests
(Eq. (7)).
tA
N
P
 
Normal force maintained
con stant du rin g the 
abrasive wea r tests. 
=
(7)
This reduction in pressure may have provided a higher
mobility for the abrasive particles in the gap between the ball
and the specimen, favoring the rolling abrasion mode. In this
case, it is possible to question whether one of the predom-
inant factors in determining the abrasive wear mode is the
normal force or the pressure in the “ball – abrasive particles
– specimen” contact. The transition to rolling abrasion was
not observed in all cases (Fig. 7 – “AISI M2 tool steel + free-
ball equipment conﬁguration”, but, even then it is possible to
expect that transition would occur at higher values of S.
Fig. 9 presents the relationship between pressure and total
crater projected area – P = f(At).
In the tests conducted in this work, the normal force was
maintained constant. Consequently, with the increasing of the
quantity of abrasive particles on the surface of the worn crater,
there is a decreasing of the normal force acting on each abra-
sive particle, due to the decreasing of the pressure. Then, it
favors the occurrence of rolling abrasion.
150  j m a t e r r e s t e c h n o l 
Total crater projected area– At [mm2]
Pr
es
su
re
 –
 P
 
[M
Pa
] 
0.0
0.5
1.0
1.5
2.0
2.5
3.53.02.52.01.51.00.50.0
WC-co p20-fixe d-ball WC-co p20-free-ball M2-fixe d-ball
M2-free-ball
Fig. 9 – Behavior of the pressure (P) as a function of the total
crater projected area (At ), for the different equipments
r
cast irons. Wear 2011;270:535–40.conﬁgurations and materials specimens.
The points raised in the paragraphs above indicate that
micro-abrasive wear tests may be conducted in different con-
ditions, with alternatives that are not restricted to changes in
equipment conﬁguration. Depending on the sliding distance,
tests with constant load (and constant dV/dt) may be con-
ducted with or without a signiﬁcant decrease in dA/dt. Besides,
it is possible to think in a test where the load would be grad-
ually increased in order to maintain a similar value for “ball
– abrasive particles – specimen” pressure, although the value
of dV/dt would not be constant. In this case, it is possible to
expect that the ability of abrasive particles to move in the gap
between the ball and the specimen would remain throughout
the test.
4.  Conclusions
The results obtained in this work have indicated that:
(1) With the increasing of the sliding distance there is the
transition from grooving abrasion to rolling abrasion.
(2) A tendency for the occurrence of rolling abrasion mode
as the sliding distance increased was attributed to a
decrease in the “ball – abrasive particles – specimen” pres-
sure, which resulted from the constant normal force and
the increase in total crater projected area. These lower
pressures would provide a higher mobility for the abrasive
particles in the gap between the ball and the specimen,
favoring the rolling abrasion mode.
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